I. Introduction
Despite ongoing concern and political discussions, the rates of increase in global greenhouse gas (GHG) emissions and temperature continue to rise. The need to reduce GHG emissions has never been greater and is now globally accepted, with many nations mandating reduction targets. The burning of fossil carbon resources represents one of the major sources of GHG emissions and the drive towards renewable, more carbon-neutral sources of energy proceeds apace. While renewable electricity generation can be achieved using solar, nuclear, wind, geothermal and hydropower, such nonbiological resources do not provide us with sustainable replacements for petroleum. Petroleum serves as the main feedstock for the production of liquid fuels for global transport, as well as chemicals and manufacturing. Replacing the complex carbon chemistries of petroleum-derived liquid fuels with a more carbon-neutral alternative can potentially be achieved with liquid biofuel produced from biomass, in which carbon released on combustion is balanced by its photosynthetic capture. Most biofuels are currently produced by fermentation of plantderived sucrose or starch, or by transesterification of plant oils. While the carbon balance of bioethanol produced from sugarcane (Saccharum officinarum) or sugar beet (Beta vulgaris) can sometimes be attractive (Acquaye et al., 2012) , the carbon footprint of biodiesel from crop oil and bioethanol from maize (Zea mays) starch offers only minor benefits compared with fossil fuels because of the high agricultural inputs to the crop feedstock (Havlik et al., 2011) . In addition, rising global food demand and limitations of future agricultural expansion mean that increased production of such 'first-generation' biofuels is being actively discouraged by governmental fuel policies such as the Renewable Energy Directive in Europe. This has led to ambitious projections for a move to more sustainable biofuels based on woody (lignocellulosic), nonfood plant biomass. Indeed, the past year has seen the opening of the first commercial-scale cellulosic ethanol plants. However, these nascent ventures are currently supported by government and considerable technical hurdles remain before this industry becomes competitive in an open market. The major challenge is in the extraction of fermentable sugars from lignocellulosic biomass cheaply enough to allow cost-competitive biofuel production. In this review, we will consider the routes by which such sugars are obtained from lignocellulosic biomass, confirm cell wall recalcitrance as the major technical barrier to this process, identify the molecular basis of recalcitrance and discuss recent progress and future directions towards reducing recalcitrance.
II. Lignocellulosic feedstocks
Lignocellulose can be acquired from the nonedible parts of food crops which have limited current applications. Potential feedstocks include straw from cereals and oilseed rape (Brassica napus) and residues from sugarcane and the forest industry, especially from Eucalyptus and conifers. Alternatively, dedicated biomass crops that produce large yields of lignocellulose can be grown for bioethanol production, including short-rotation coppice trees and energy grasses such as switchgrass (Panicum virgatum), sorghum (Sorghum bicolor) and Miscanthus. These are low-input crops that can be grown on degraded land that is unsuitable for food crops and therefore have the potential to have little impact on human food supply. Life-cycle analyses of such 'second-generation' biofuels generally show a much larger reduction in GHG emissions than achieved with first-generation biofuels (Morales et al., 2015) .
Lignocellulose composition
The main source of lignocellulose is plant secondary cell walls, the thick, strengthening layer of the cell wall that is laid down inside the primary wall after cell elongation has terminated. Approximately 75% of lignocellulose is comprised of polysaccharides, which can potentially be converted into monosaccharides for fermentation. The main constituents of plant secondary cell walls are cellulose, hemicellulose and lignin, and these are present in varying proportions in different feedstocks (Table 1) . Secondary cell walls of both dicots and grasses also contain c. 0.1% pectin and minor amounts of structural protein.
The general structure of a plant secondary cell wall is shown in Fig. 1 . Cellulose microfibrils form the main structural feature of plant cell walls and are a major contributor to the strength of the wall (Whitney et al., 1999) . A primary wall probably contains just three or four layers of microfibrils, whereas a secondary cell wall could potentially contain hundreds (McCann et al., 1990) . The cellulose fibres are embedded in a matrix of hemicellulose and, in primary cell walls, pectin, which appear to play a dual role of strengthening and increasing extensibility of the wall to enable cell enlargement (Chanliaud & Gidley, 1999) . In secondary cell walls, the polysaccharide network is impregnated and coated by lignin, which provides rigidity and strength. Abramson et al. (2013) . Fig. 1 Schematic representation of the general structure of a plant secondary cell wall. Cellulose microfibrils, the main structural feature of plant cell walls, are shown in yellow. These microfibrils are composed of glucan chains arranged in a crystalline structure. The number of glucan chains in a microfibril is not certain but has recently been reported as likely to be 18-24 (Fernandes et al., 2011) . The hemicellulose molecules are shown in blue and are long-chain polysaccharides that contain multiple side chains that prevent them from crystallization. The hemicellulose molecules can bind to the surface of the cellulose microfibrils through hydrogen bonding and can link two or more microfibrils together. The lignin network is shown in grey. The lignin coats and penetrates into the cellulose-hemicellulose network, although it has been removed from the right side of the diagram in order to show the polysaccharide components.
Biochemical conversion routes
The production of bioethanol from lignocellulosic biomass on an industrial scale generally uses a three-step process: pretreatment (chemical or physical) to disrupt cell wall structure, enzymatic hydrolysis of the polysaccharides, and fermentation of the resulting monosaccharides to ethanol. The main challenge in producing lignocellulosic bioethanol is that the polysaccharides occur as part of a complex macromolecular material that is extremely resistant to digestion. Consequently, the cost of converting lignocellulose into fermentable sugars is higher than for first-generation processes. For example, the severe pretreatments required to permit enzymatic hydrolysis of lignocellulosic biomass have high energy and chemical inputs and can lead to the production of inhibitors of hydrolysis and fermentation. In addition, secondary cell wall polysaccharides are comprised of a complex mix of monomers which can cause issues for process efficiencies, particularly because pentose sugars are not readily metabolized by most commercial fermentation organisms.
There are three main approaches to improving the efficiency and cost of lignocellulosic-ethanol production. The pretreatment step has potential for improvement through increasing the ability to recycle chemicals, performing the pretreatment at a reduced temperature/chemical concentration or producing useful byproducts. New pretreatments such as ionic liquids are being investigated which may provide more efficient structure disruption (Gu et al., 2013) . A second option is to improve the efficiency of the enzymes so that they can more effectively depolymerize components of the cell wall, for example by enzyme discovery from novel lignocellulose-digesting organisms (Kern et al., 2013) , random mutagenesis of fungal strains or genetic engineering of individual enzymes (Zhang et al., 2006) . Improvements can also be made through the development of microbial strains more able to use the range of sugars released by biomass saccharification (Nogue & Karhumaa, 2015) . A third option, which this review focuses on, is to engineer lignocellulosic biomass that is less recalcitrant to digestion, thereby reducing pretreatment and enzyme costs.
III. Measuring cell wall recalcitrance
Cell wall recalcitrance is typically quantified through measurement of the rate or efficiency of sugar release (saccharification) from plant biomass when it is digested with cellulolytic enzyme cocktails. This is often preceded by a pretreatment. However, the literature on saccharification of lignocellulosic biomass includes a large range of different experimental designs, making it difficult to compare the efficiency of saccharification between studies. For example, pretreatment can range from a mild hot-water treatment to the harsh conditions (160°C, high pressure and chemicals) used in industry. Furthermore, the different modes of pretreatment alter the lignocellulose structure in different ways. Alkaline pretreatment has been shown to primarily hydrolyse the lignin fraction and extract some hemicellulose, while acid pretreatment primarily hydrolyses the hemicellulose fraction (Kumar & Wyman, 2009) . Physicochemical pretreatments, such as steam explosion and ammonia fibre explosion (AFEX), act predominantly through physical disruption of the cell wall structure rather than solubilization (Alvira et al., 2010) . Published protocols show differences in solids loading, enzyme blends and enzyme incubation times, such that the degree of completion of saccharification varies widely between studies. Methods of quantification of saccharification also vary, with some studies measuring only glucose release, others measuring reducing sugar equivalents and some characterizing all sugars released. Other studies quantify biomass digestibility rather than saccharification, measuring weight loss after incubating the biomass with ruminal fluids or enzymes. Because of these differences, comparison between studies should be made with caution and differences in experimental method must be considered. For example, a study comparing three high-throughput systems that carry out pretreatment and enzymatic hydrolysis on biomass using a range of wheat (Triticum) cultivars showed that there were rather poor correlations in saccharification efficiency between the different systems (best R 2 for glucose yield = 0.21; Lindedam et al., 2014) .
Another salient feature to consider in these studies is the extent to which a particular observation may be species-specific or of more universal significance. This is particularly important when considering differences in cell wall composition and structure between different groups of plants, most notably from a biofuels perspective between grasses, broad leaf dicots and conifers, all of which have the potential to provide significant quantities of lignocellulosic feedstock.
1. Components of the cell wall and how they can be altered to aid bioethanol production It has been demonstrated that alteration of a number of cell wall components can affect recalcitrance of lignocellulosic biomass and thus improve its saccharification and/or digestibility, and a large amount of progress has been made in this area in recent years. In the text that follows, we will describe the main components of the plant-cell wall and their synthesis, and explore the range of alterations to these components that have been shown to impact on recalcitrance.
IV. Cellulose
Cellulose is composed of linear b-1,4 glucans which are rigid, insoluble polymers of glucose that lack side chains. Sequential glucose residues in the glucans are rotated 180°to one another so that cellobiose is the repeating unit (Fig. 2a) . Multiple glucan chains are arranged in parallel crystalline arrays to form cellulose microfibrils, with the glucan chains held together by hydrogen bonds and van der Waals forces. For an extensive review on recent findings on cellulose structure and synthesis, see Cosgrove (2014) .
Cellulose synthesis
Cellulose is synthesized by cellulose synthases (CESAs) which occur in hexameric complexes located in the plasma membrane (Arioli Kimura et al., 1999) . Each of the six subunits of the CESA complex consists of multiple CESA proteins, enabling the simultaneous synthesis of all the glucan chains in a single microfibril to produce the parallel chain organization. For a number of years, it was thought that cellulose microfibrils in plants are made up of 36 glucan chains and so each subunit of the CESA complex contains six CESA proteins (Fig. 2b) . However, recently it has been proposed that an 18-24 chain microfibril is more likely ( Fig. 2c ; Fernandes et al., 2011; Newman et al., 2013; Hill et al., 2014) . It is thought that three different homologues of the CESA proteins are required to form the CESA complex, and that two different sets of three form the complexes for cellulose production in primary and secondary cell walls (Taylor et al., 2003; Persson et al., 2007) . Cellulose synthesis in plants also requires KORRIGAN (KOR), a membrane-bound b-1,4 endoglucanase. The function of KOR is not certain, but it has been hypothesized that it may trim the growing glucan chain from a sitosterol-glucoside primer that has been hypothesized to be required for initiation of synthesis (Peng et al., 2002) . Alternatively, it may trim the glucan chains to aid crystallization (Robert et al., 2004) , release newly synthesized cellulose microfibrils from the CESA complex (Szyjanowicz et al., 2004) or act to split cellulose macrofibrils into smaller fibrils after synthesis (Takahashi et al., 2009) . Other proteins involved in cellulose synthesis are COBRA and chitinase-like (CTL) proteins, which are thought to be involved in the assembly of glucan chains into the crystalline structure (Sanchez-Rodriguez et al., 2012; Sorek et al., 2014) , and KOBITO, which is thought to be involved in orientation of cellulose-microfibril deposition during cell elongation (Pagant et al., 2002) .
Altering cellulose to increase saccharification
Cellulose is an important component of the cell wall for bioethanol production, containing large amounts of glucose that can readily be fermented to ethanol once released. However, the crystallinity of cellulose makes it inaccessible to hydrolytic enzymes and to the water required for hydrolysis. Negative correlations have been observed between cellulose crystallinity and the initial rate of hydrolysis for Avicel, a purified crystalline cellulose (Hall et al., 2010) , and corn stover (Laureano-Perez et al., 2005) , and between cellulose crystallinity and hydrolysis yield potential across different varieties of S. bicolor (Vandenbrink et al., 2012) . Increased saccharification has been observed in Arabidopsis thaliana plants with a reduction in cellulose crystallinity caused by mutations in CESA genes (Harris et al., 2009) . Further evidence of cellulose crystallinity affecting saccharification comes from heterologous expression of microbial carbohydrate-binding modules (CBMs), which disrupt cellulose crystallinity and have been reported to increase digestibility of rice (Oryza sativa) biomass (Abramson et al., 2010) . In addition, expansins, which are thought to disrupt cellulose structure and act to loosen the plant wall during growth (McQueen-Mason et al., 1992) , have been reported to increase saccharification of poplar (Populus) biomass when used in conjunction with cellulases (Baker et al., 2000) .
Another potential route to increased saccharification through cellulose modification is to increase the total cellulose content of the cell wall; in this context, study of the regulation of cellulose-rich cell walls such as those of tension wood are of interest (AnderssonGunneras et al., 2006) . Cellulose composition is the same across plant species and thus factors affecting this component may be of significance in all plant species.
V. Hemicellulose
Hemicellulosic polysaccharides generally consist of a b-1,4-linked backbone and have substantial side chains that prevent the formation of crystalline structures. Instead they form long chains that can associate with cellulose by hydrogen bonding ( Fig. 3 ; Valent & Albersheim, 1974; Busse-Wicher et al., 2014) . Hemicellulose forms a strengthening network with cellulose by holding the microfibrils together, probably at specific junctions rather than along the whole length of the microfibril ( Fig. 3 ; Park & Cosgrove, 2012) . However, hemicellulose is also thought to act as a plasticizer to allow extensibility of the wall by keeping the fibrils apart from each other and acting as a site for expansin activity (Whitney et al., 2000) . The class, branching and abundance of hemicelluloses can vary widely between different species, cell types and stages of development.
The major hemicellulose in dicot primary cell walls is xyloglucan, making up 20-25% of the wall (Scheller & Ulvskov, 2010) . The general structure of xyloglucan is a b-1,4-glucan backbone with c. 75% of the glucosyl residues substituted with a xylosyl residue. Some of these xylosyl residues are substituted with galactosyl or arabinosyl residues and some of the galactosyl residues are substituted with fucosyl residues. Xyloglucan, however, only makes up a minor part of the cell wall in grasses (Vogel, 2008) and the structure is also different, with less branching, no fucosyl or arabinosyl side chains and only a small number of galactosyl substitutions. In dicot secondary cell walls, the major hemicellulose is glucuronoxylan (GX), which has a xylan backbone with substitutions of a-1,2 glucuronic acid and 4-O-methyl glucuronic acid residues, collectively termed [Me]GlcA, and makes up 20-30% of the wall (Scheller & Ulvskov, 2010) . Xylans comprise the major hemicellulose in grass cell walls, but in this case they are highly substituted. Glucuronoarabinoxylans (GAXs) make up 20-40% of primary cell walls and 40-50% of secondary cell walls in grasses (Scheller & Ulvskov, 2010) . GAX consists of a xylan backbone with numerous substitutions of arabinose residues but also galactosyl, [Me]GlcA, xylose and ferulic acid residues which can cover 10-90% of the backbone (Albersheim et al., 2011). The hemicellulosic polysaccharide mixed linkage glucan (MLG) is a feature of grass cell walls not found in dicots and consists of b-linked glucosyl residues, with c. 70% being 1,4-linked and 30% being 1,3-linked (Albersheim et al., 2011) . MLG typically makes up 10-30% of primary walls when cells are expanding and was previously thought to only make up a very small proportion when growth has terminated (Luttenegger & Nevins, 1985) . However, recent studies report that MLG may be substantially present in biomass from certain grasses such as sugarcane, rice and Brachypodium distachyon, particularly in the vasculature and sclerenchyma Vega-Sanchez et al., 2013) .
Mannans and glucomannans generally make up a small proportion of the hemicellulosic fraction in angiosperms (Vogel, 2008) , although they are known to play a role in energy storage and hydration resistance in the endosperm of a number of plants (Buckeridge, 2010) Galactoglucomannans, which have a mixed backbone of b-1,4 glucose and mannose residues decorated with galactosyl side chains, make up the major hemicellulose in the secondary walls of conifers (Willfor et al., 2005) , which have potential to be an important source of lignocellulosic biomass. These polymers, along with MLG, are interesting because they are composed of hexose sugars, which are more amenable to standard yeast fermentation than the pentose sugars that predominate in xylans.
Synthesis of the hemicellulose backbone
Hemicelluloses, unlike cellulose, are synthesized in the Golgi system and travel to the membrane in vesicles (Carpita & McCann, 2010; Scheller & Ulvskov, 2010) . The backbones of the majority of hemicellulose molecules are synthesized by CELLULOSE SYNTHASE-LIKE (CSL) proteins, of which there are eight families named CSLA to CSLH (reviewed in Scheller & Ulvskov, 2010 ). An exception, however, is the b-1,4-xylan backbone, which is synthesized by type-II Golgi-localized glycosyltransferases in the GT43, GT8 and GT47 families (Rennie & Scheller, 2014) .
Altering hemicellulose content to increase saccharification
A number of A. thaliana and poplar irregular xylem (irx) mutants, with T-DNA insertions or RNA silencing of glycosyltransferases involved in xylan synthesis, were shown to have reduced GX content in secondary cell walls and a significant increase in saccharification compared with wild type (WT) (Lee et al., 2009; Brown et al., 2011; Petersen et al., 2012) . Furthermore, poplar cell walls with a reduction in hemicellulose, as a result of overexpression of xylanase or xyloglucanase, showed an increase in saccharification of almost double that of WT (Kaida et al., 2009) . Correlations have also been demonstrated between hemicellulose removal by chemical extraction and both cellulose accessibility (Moxley et al., 2012) and enzymatic hydrolysis . Where individual sugars released by enzyme hydrolysis were measured in these studies, it was shown that there was mainly an increase in glucose release. This may demonstrate the role hemicelluloses have in coating and cross-linking the cellulose microfibrils and lignin, reducing the accessibility of the cellulose to cellulases.
VI. Side-chain substitution of xylans
As discussed in the previous section, hemicelluloses can contain a large number of side-chain substitutions, making their synthesis complicated, with a large number of enzymes involved. These substitutions can inhibit saccharification of lignocellulosic biomass, although recent work has begun to identify new xylan-acting New Phytologist glucuronidases that can target some of these complex oligosaccharides (Rogowski et al., 2014) . The main substitutions of GX and GAX, the major hemicelluloses of dicot and grass secondary cell walls, the enzymes involved in their addition to the backbone and their role in cell wall recalcitrance will be discussed in this section.
The backbone of cell wall xylans can be decorated with [Me]GlcA. These substitutions occur on c. 10% of the backbone residues of GX in dicots but are generally less common on GAX in grasses . In A. thaliana, three glycosyltransferases in the GT8 family have been implicated in GlcA substitution, named GLUCURONIC ACID SUBSTITUTION OF XYLAN (GUX) 1, 2 and 3 (Mortimer et al., 2010; Lee et al., 2012a) . A triple knockout of the GUX genes resulted in complete loss of [Me]GlcA. It has recently been shown that, while GUX1 and 2 are involved in GlcA substitution of secondary cell wall xylans, GUX3 adds GlcA to primary cell wall xylan (Mortimer et al., 2015) . An additional set of genes, named GLUCURONOXYLAN METHYLTRANSFE RASE (GXM) 1, 2 and 3, are thought to be involved in methylation of the GlcA residues (Lee et al., 2012b; Urbanowicz et al., 2012) . Mutants of these genes were shown to have a large reduction in MeGlcA but no change in GlcA substitution, while recombinant GXM proteins were able to transfer a methyl group on to GlcAsubstituted xylooligomers. Both GUX and GXM proteins have been localized to the Golgi (Mortimer et al., 2010; Urbanowicz et al., 2012) .
Effect of [Me]GlcA substitution on saccharification
Small increases in saccharification have been observed for both gux and gxm mutants in A. thaliana (Lee et al., 2012a; Urbanowicz et al., 2012) . There are a number of possible reasons for this positive effect of reduced [Me]GlcA substitution. First of all, the altered xylan in the A. thaliana double mutant gux1/gux2 was shown to be easier to extract from the cell wall using alkali extraction and required fewer enzymes for its hydrolysis (Mortimer et al., 2010) , while mild hydrothermal pretreatment released more xylan in the gxm mutant than in WT (Urbanowicz et al., 2012) . Second, acid pretreatment is unable to break the linkage between [Me]GlcA and xylose, and so [Me]GlcA reduces the solubilization of hemicellulose during pretreatment (Bi et al., 2009 ). Finally, [Me]GlcA may play a role in the association of hemicellulose with cellulose in the cell wall. It has been suggested that the regular spacing of MeGlcA substitutions on xylans causes a change in conformation of the xylan to form a flat, ribbon-like structure with the same shape as cellulose, allowing the xylan to interact with the microfibrils (BusseWicher et al., 2014). The cellulose domains that are bound to xylan are likely to be less accessible to hydrolytic enzymes than the unassociated regions.
Acetylation
The backbone residues of GAX and GX can be O-acetylated on up to 55% of the xylosyl residues (Gille & Pauly, 2012) . Recent work has found that a family of proteins named REDUCED WALL ACETYLATION (RWA) are probably involved in cell wall polysaccharide acetylation in plants, with A. thaliana rwa mutants displaying reduced acetylation of pectins, xyloglucans and xylans (Manabe et al., 2011) . The RWAs appear to have a certain amount of substrate preference, with RWA2 being more important for xyloglucan acetylation, and RWA3 and 4 being more important for xylan acetylation (Manabe et al., 2013) . A second protein, ESKIMO1 (ESK1), has also been shown to be involved in xylan acetylation in A. thaliana. Mutants of ESK1 showed a large reduction in O-acetylation of xylan and microsomes from the mutant plants showed 20% lower incorporation of acetyl groups onto a xylooligosaccharide acceptor compared with WT (Yuan et al., 2013) . The level of acetylation of other cell wall polysaccharides was not affected in the esk1 mutant, suggesting that ESK1 acts specifically as a xylan acetyltransferase, and activity of the ESK1 enzyme in the transfer of O-acetyl groups on to xylans has been confirmed in vitro (Urbanowicz et al., 2014) . ESK1 occurs as part of a large family of trichome birefringence-like (TBL) proteins (Yuan et al., 2013) and another member of the TBL family in A. thaliana, ALTERED XYLAN4 (AXY4), has been implicated in the acetylation of xyloglucan . This suggests that different members of the TBL family are involved in the specific acetylation of different polysaccharides.
It has been suggested that, given the structures and specificities of the RWA and TBL proteins, a two-protein system occurs for hemicellulose acetylation in plants, where RWA is responsible for translocation of the acetyl donor, while TBL is responsible for acetyl group transfer (Gille & Pauly, 2012) . A further protein, AXY9, has now also been implicated in hemicellulose acetylation in A. thaliana, with axy9 mutants showing reduced O-acetylation of xylan. AXY9 is not a TBL protein but does have sequence homology to TBLs (Schultink et al., 2015) . The authors suggest that AXY9 could work instead of or in addition to the TBLs in the acetylation of xylan, possibly acting after RWA to produce the acetyl-donor substrate for TBLs.
Effect of acetylation on saccharification
There are rather contrary reports on the impacts of acetylation on saccharification. For example, deacetylation of both aspen (Populus tremula) and wheat (Triticum aestivum) using chemical treatment was shown to increase saccharification by two-to fourfold compared with nontreated material (Grohmann et al., 1989; Kong et al., 1992) . This increase in saccharification was attributable to increases in both glucose and xylose release, showing that deacetylation may lead to increased breakdown of hemicellulose, which in turn leads to increased accessibility of cellulases to cellulose. Furthermore, A. thaliana plants with a T-DNA insertion in the O-acetyl transferase gene ESK1 showed a c. 50% reduction in acetyl substitutions and the authors reported an increase in saccharification . However, this increase in saccharification was only seen if expressed per mg cellulose and, because of the reduced cellulose content of the mutants, when expressed per mg cell wall biomass, there was actually a reduction in saccharification. Interestingly, expression of GUX1 under the ESK1 promoter in A. thaliana esk1 mutants led to a large increase in GlcA substitution of xylan, no change in acetylation and rescue of the reduced cellulose phenotype. This suggests that acetylation and GlcA substitution could be interchangeable, a finding that could enable increased saccharification without the negative growth/cellulose phenotype observed in esk1 mutants (Xiong et al., 2015) .
The observed increases in saccharification when acetylation is reduced are likely to occur because because the acetyl groups can prevent hydrolytic enzymes from accessing the glycosidic linkages through steric hindrance (Biely et al., 1986) . Acetylation has also been shown to reduce the effect of acid pretreatment, with 10% more xylose released upon acid pretreatment of deacetylated corn stover than for nontreated controls . However, mutation of other O-acetyl transferase genes, the RWA genes, have been shown to have no impact on saccharification despite a reduction in acetic acid substitution of approximately one-third compared with WT and no change in cellulose content (Lee et al., 2011) . Further confusion comes from recombinant expression of an acetylxylan esterase in A. thaliana which reduced acetic acid substitution by 32% and increased saccharification in one study (Pawar et al., 2015) but had no effect on saccharification in another despite a 23% reduction in acetic acid substitution (Pogorelko et al., 2011) . In addition to the potential impact of hemicellulose acetylation on the efficiency of pretreatment and enzymatic hydrolysis, release of acetic acid into the fermentation medium can inhibit yeast growth and fermentation rates (Helle et al., 2003) .
The feruloyl esters on grass arabinoxylans are particularly important with regard to their impacts on saccharification. This role will be discussed in section IX.
VII. Pectin
As lignocellulosic biomass is mainly composed of secondary cell walls, which only contain minor amounts of pectin, these cell wall polysaccharides will only briefly be discussed. For a comprehensive review of pectin structure and synthesis, see Mohnen (2008) . Pectins are polysaccharides that contain relatively high proportions of D-galactosyluronic acid. There are three types of pectin in plant cell walls: homogalacturonan (HG), rhamnogalacturonan-I (RG-I) and RG-II. In general, pectin in plant cell walls consists of c. 65% HG, 20-30% RG-I and 10% RG-II, with substantial cross-linking between the structures (Ishii & Matsunaga, 2001 ). When cellulose produced from the bacterium Acetobacter is grown in the presence of pectin, the cellulose is less stiff and more extensible. Interestingly, these properties of the cellulose remain even when the pectin is removed, suggesting that pectin may aid the deposition of cellulose microfibrils within the cell wall, acting as a spacer and preventing the microfibrils forming large aggregates (Chanliaud & Gidley, 1999) . There is also evidence that pectins may covalently link to hemicelluloses in the cell wall (Popper & Fry, 2008) . Pectins are thought to be synthesized in the Golgi by a large number of glycosyltransferases, methyltransferases and acetyltransferases, and then transported to the cell wall.
Altering pectin to increase saccharification
Although pectin only makes up a small proportion of secondary cell walls, it can still act as a barrier to cellulolytic enzymes. Lionetti et al. (2010) showed that a reduction in pectin content and an increase in the amount of methyl-esterification of pectin, through transgenic expression of a fungal polygalacturonase (PG) or an inhibitor of pectin methylesterase (PME), increased saccharification by 30-40% in wheat and tobacco (Nicotiana benthamiana). The percentage saccharification without pretreatment achieved with the transgenic plants was above that achieved with WT plants with a pretreatment, demonstrating the potential to remove the pretreatment step from the bioethanol production process by altering pectin structure. Methyl-esterification of HG has also been shown to have a positive impact on saccharification in A. thaliana. PG-and PME-expressing plants, with an increase in methyl-esterification, showed an increase in glucose release but no other sugars when subject to enzyme hydrolysis, showing that the cellulose was probably more accessible to hydrolytic enzymes (Francocci et al., 2013) . This influence on saccharification is probably explained by the finding that HG cross-links via the backbone and methylation prevents the formation of these cross-linkages, resulting in a less complex structure (Coenen et al., 2007) . Indeed, an A. thaliana pme mutant showed a reduction in methyl-esterification of HG and reduced mechanical strength, supporting the role of pectin methylation in the strength of the cell wall (Hongo et al., 2012) . Because all secondary cell walls are encased by a primary wall, it is likely that factors slowing primary-wall saccharification will impact on secondary-wall saccharification by impeding access of the digestive enzymes.
VIII. Lignin
Lignin is mostly found in secondary cell walls and serves to strengthen the wall, increase its hydrophobicity and pose a formidable barrier to wall-degrading enzymes. Lignin is formed from monolignols secreted into the cell wall space where they are oxidatively polymerized by free radicals. This is different from most biological polymers which are polymerized by enzymes. There is some debate over whether there is any biological control over the polymerization process (Davin & Lewis, 2000) but the general view is that it is a strictly chemical, combinatorial process (Boerjan et al., 2003) . Furthermore, lignin molecules have been estimated to be made up of hundreds of monomers. As a consequence of these characteristics, lignin is a complex compound in which the bonds between the monomers can form at multiple positions. It therefore appears to lack a repeat structure to which specific lytic enzymes can evolve and, to date, all characterized lignin-degrading enzymes appear to operate by indirect oxidative attack through free radicals (Sigoillot et al., 2012) .
Lignin biosynthesis
There are three major monolignols found in plant cell walls, namely p-coumaryl, coniferyl and sinapyl alcohols, which are characterized by the number of methoxy side groups on the phenolic ring New Phytologist zero; coniferyl, one; sinapyl, two; Fig. 4) . When these monolignols are incorporated into the lignin molecule they are known as p-hydroxyphenyl (H), guaiacyl (G) and sinapyl (S) units, respectively. The monolignol biosynthesis pathway is reasonably well characterized; they are synthesized in the cytosol from phenylalanine through the phenylpropanoid pathway, via a number of different enzymes (Fig. 4) . This pathway has been extensively reviewed elsewhere (Boerjan et al., 2003) . Once the monolignols have been formed, they are secreted into the cell wall. There is currently debate over the mode by which they are transported across the plasma membrane but the most convincing evidence has been presented for transporter-mediated active transport. Membrane transporters are highly expressed in lignifying tissues (Ehlting et al., 2005) , and transport of monolignols across isolated plasma membranes from A. thaliana and poplar was shown to be greatly reduced when ATP-binding cassette (ABC) transporter inhibitors were added and highly dependent on the presence of ATP (Miao & Liu, 2010) . Recently, an ABC transporter has been shown to transport p-coumaroyl alcohol across the plasma membrane (Alejandro et al., 2012) . Once the monolignols have reached the cell wall they are polymerized by oxidative polymerization. This involves enzymatic dehydrogenation/oxidation of the monolignols, resulting in the formation of a free radical that can then couple with another monolignol or a lignin oligomer/polymer. Polymerization mainly occurs via the addition of monomers to a growing polymer, although linkage between two oligomers or polymers may also occur. The mechanism of polymerization is not fully understood but it is thought to be catalysed by peroxidases and/or laccases due to co-localization of these enzymes with lignifying tissues, both enzymes being able to oxidize monolignols in vitro, and lignin being polymerized in plant tissue after additions of H 2 O 2 (Bao et al., 1993; Takahama, 1995; Quiroga et al., 2000) . Furthermore, down-regulation of both enzymes has been shown to reduce lignin content in plants (Blee et al., 2003; Zhao et al., 2013) . It has been proposed that laccases and peroxidases may be involved in lignin polymerization of distinct cell types or at different stages of lignification . Two main linkages, b-aryl ether (b-O-4) and carbon-carbon (C-C), can form between the monolignols during polymerization of the lignin molecule (Fig. 5) . The b-O-4 linkages are more easily cleaved and make up c. 80% of the linkages in angiosperms and c. 50% in conifers (Ralph et al., 2004) .
In gymnosperms, G units make up the majority of lignin, with a small amount of H monomers and very little or no S monomers. Angiosperm lignin is generally composed mostly of G and S monomers, with H units present at much lower levels. The difference between monocots and dicots is seen in the proportion of H units, which make up 4-15% of monocot lignin but are only found at trace levels in dicot lignin (Vogel, 2008) . As well as the 
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Tansley review New Phytologist three main monolignols, many other monomers can be incorporated into the lignin polymer, although normally in small amounts. These monomers include intermediates of the monolignol synthesis pathway and derivatives of the main monolignols (Ralph et al., 2004) , as well as a recently discovered flavonoid, tricin, in monocots (Lan et al., 2015) .
Altering lignin to increase saccharification
As a consequence of the relatively complete understanding researchers have of the enzymes involved in the monolignol biosynthesis pathway, the effect of lignin on lignocellulose saccharification is well researched. Changes in the amount, structure and composition of lignin have all been shown to impact on saccharification and digestibility.
Lignin content Many studies have shown that altering the expression of monolignol biosynthesis enzymes leads to alteration in the amount of lignin deposited in the cell wall. This, in turn, has been shown to affect saccharification. Chen & Dixon (2007) showed that, in six transgenic lines in alfalfa (Medicago sativa), each down-regulated in a different lignin biosynthetic gene, there was a strong negative correlation between lignin content and sugar released by enzymatic hydrolysis. A similar comprehensive study in A. thaliana showed that, in 20 mutants of 10 different genes of the lignin monomer synthesis pathway, lignin content was the main factor affecting saccharification yield out of those for which the authors tested (Van Acker et al., 2013) . Recent studies showed that down-regulation of cinnamoyl CoA reductase (CCR) and 4-coumarate: CoA ligase (4CL) in poplar caused a reduction in lignin content and an increase in saccharification compared with WT (Min et al., 2012; Van Acker et al., 2014) , that cinnamyl alcohol dehydrogenase (CAD)-down-regulated switchgrass plants showed a strong negative relationship between lignin content and saccharification (Fu et al., 2011) and that A. thaliana mutants of laccases involved in lignin polymerization had reduced lignin content and increased saccharification (Berthet et al., 2011) . A study has recently been carried out in which an engineered enzyme, monolignol 4-O-methyltransferase, which etherifies the 4-hydroxyls of monolignols and so prevents free radical formation, was expressed in A. thaliana. The resulting plants had reduced lignin content and increased saccharification, with no effect on lignin composition or cellulose content . Lignin content has also been correlated negatively with saccharification in natural populations of alfalfa (Duceppe et al., 2012) and Megathyrsus maximus (Stabile et al., 2012) , and among different plant species (Goff et al., 2012) .
Lignin composition and structure A number of studies have shown that lignin composition, and in turn structure, can impact on saccharification of lignocellulosic biomass. It is often hard to distinguish between the effects of lignin content and composition because modifications of monolignol synthesis enzymes often result in changes in both properties. For example, downregulation of cinnamate-4-hydroxylase (C4H), 4CL, caffeic acid O-methyltransferase (COMT) and caffeoyl coenzyme A O-methyltransferase (CCoAOMT) all resulted in increased saccharification but the plants had an increase in S : G ratio as well as a reduction in lignin content (Guo et al., 2001; Van Acker et al., 2013) . Interestingly, Studer et al. (2011) showed that, in a large population of natural accessions of poplar, a strong negative correlation between lignin content and saccharification was only observed for samples with an S : G ratio < 2.0. For higher S : G ratios, saccharification increased with an increasing proportion of S units, while lignin content had much less effect. Furthermore, when the biomass was subject to a pretreatment before hydrolysis, lignin content no longer showed any correlation with saccharification, whereas the effect of the S : G ratio was still apparent. The effect of the S : G ratio on saccharification is also highlighted by overexpression of ferulate 5-hydroxylase (F5H), an enzyme involved in the synthesis of S monomers (Fig. 4) , which resulted in an increase in the S : G ratio and saccharification in A. thaliana and poplar (Li et al., 2010; Mansfield et al., 2012) . Interestingly, this increase in saccharification is only seen when a pretreatment is used, suggesting that the modified lignin allows easier/increased depolymerization during pretreatment. The increase in saccharification observed in plants in which the lignin contains a higher proportion of S units is thought to be attributable to the number of methoxy groups on the lignin monomers (S > G > H). An additional methoxy group means one less reactive site, which results in fewer possible combinations during lignin polymerization. This means that lignin rich in S units has a simpler structure that is potentially more easily depolymerized (Ziebell et al., 2010) . Furthermore, lignin rich in S units has elevated concentrations of the more easily digestible b-O-4 linkages and lower concentrations of the more recalcitrant b-5 and 5-5 C-C linkages because the extra methoxy group on S units causes the C-5 position to be unavailable for coupling (Ralph et al., 2004) .
It has also been shown that the proportion of H monomers in lignin can affect cell wall saccharification. The lignin biosynthetic genes p-coumarate 3-hydroxylase (C3H), hydroxycinnamoyl transferase (HCT ) and caffeoyl shikimate esterase (CSE) are involved in the synthesis of S and G monomers but not H monomers (Fig. 4) . In natural lignin, H units are present at very low levels but knockdown of these genes resulted in an increase in the proportion of H units and an increase in saccharification of tobacco (Nicotiana tabacum), alfalfa and Arabidopsis thaliana (Hoffmann et al., 2004; Chen & Dixon, 2007; Vanholme et al., 2013) . Knockdown of C3H, HCT and CSE also resulted in reduced lignin content but a recent study demonstrated that c3h mutants in which the lignin deficiency was rescued by disruption of a transcriptional mediator maintained the increased saccharification (Bonawitz et al., 2014) . This suggests that the change in lignin composition, and not lignin content, was responsible for the increased saccharification of c3h mutants. Ziebell et al. (2010) hypothesized that the increased extractability observed for lignin enriched in H units is because the methoxy groups can help to stabilize the free radical and aid oxidation. Therefore, the lower stability of the H unit radical, as a consequence of a lack of methoxy substitution, probably results in a lower number of reactive species and so smaller chain lengths (Sundin et al., 2014) . Interestingly, the increased saccharification in these studies was observed whether or not a pretreatment was used, suggesting that the smaller lignin molecules in the transgenic plants cause cellulose to be more accessible even in the untreated wall.
As a consequence of the plasticity of lignin polymerization, an alternative way of altering lignin composition to increase saccharification is to introduce nonconventional building blocks into the lignin structure. It has recently been shown that incorporation of phenolic monomers that have an internal ester linkage, such as coniferyl ferulate, epigallocatechin (ECGC) and rosmarinic acid, into lignin increases the extractability of the lignin and, in turn, increases saccharification (Elumalai et al., 2012; Wilkerson et al., 2014) . The ester bond is readily cleavable by mild alkali pretreatment and so allows the lignin to be more easily depolymerized.
IX. Ferulic acid linkages
It has become increasingly apparent that ferulic acid (FA) linkages can have a large impact on saccharification of lignocellulosic biomass. FA substitutions on arabinoxylan can be oxidatively dimerized or trimerized to form intra-or interarabinoxylan crosslinks ( Fig. 6 ; Hartley & Jones, 1976; Fry, 1982) . FA is an intermediate of the phenylpropanoid pathway and can also be incorporated into the lignin molecule during polymerization; it appears likely that arabinoxylan can form covalent linkages with the lignin polymer through FA dimerization ( Fig. 6 ; Iiyama et al., 1990) . The FA side chains of xylans are probably unique to grasses and make up 0.5-5% of the cell wall (Vogel, 2008) .
Addition of the arabinose-FA substitutions to xylan
It has recently been shown that members of the glycosyltransferase family 61 (GT61) are responsible for addition of arabinose residues to the xylosyl-backbone residues of xylans, named XYLAN ARABINOSYLTRANSFERASES (XATs). xat RNAi lines in wheat were shown to have reduced levels of arabinose substitution of GAX, while heterologous expression of rice and wheat XATs in A. thaliana, which lacks arabinosyl substitution of xylan in secondary cell walls, was shown to introduce these substitutions (Anders et al., 2012) . XATs have been localized to the Golgi (Anders et al., 2012) .
Arabinoxylan substitution with FA occurs via an ester linkage between the C5-hydroxyl of arabinosyl residues and the carboxylic acid group of the FA. The specific enzymes, location and donor substrate involved in the feruloylation of GAX are not yet fully understood. The most likely donor substrate appears to be feruloylCoA. In maize cultures fed with radioactive cinnamic acid, the radioactivity was first incorporated into feruloyl-CoA and then into feruloyl-polysaccharides (Fry et al., 2000) . Furthermore, when enzyme extract from rice cell suspension cultures was incubated with feruloyl-CoA and arabinoxylan-trisaccharide (AXX), feruloylated arabinoxylan was formed (Yoshida-Shimokawa et al., 2001) . A bioinformatics approach comparing the expression of genes between dicots and grasses proposed genes in a subclade of the BAHD acyl-CoA transferase superfamily (Pfam family PF02458) to be involved in GAX feruloylation (Mitchell et al., 2007) , consistent with the role of feruloyl-CoA as a substrate. RNAi of four members of the BAHD family in rice led to a significant reduction in FA content (Piston et al., 2010) and, more recently, members of the BAHD family have been experimentally validated more specifically in the transfer of hydroxycinnamic acids to arabinose and lignin (Bartley et al., 2013; Petrik et al., 2014) .
Some of the feruloyl-arabinosyl residues in GAX are further substituted with b-xylose, via attachment to the arabinose (Wende & Fry, 1997) . It has recently been proposed that a member of the GT61 family, named XYLOSYL ARABINOSYL SUBSTITUTION OF XYLAN1 (XAX1), is responsible for addition of this xylose, in view of the absence of this substitution in a loss-of-function mutant of the gene (Chiniquy et al., 2012) . Interestingly, the xax1 mutant also showed a large reduction in FA content, leading the authors to believe that xylosylated arabinose acts as the acceptor for FA substitution.
2. Altering FA substitution to increase saccharification FA content has been shown to be negatively correlated with digestibility in forage grasses . Furthermore, incorporation of differing concentrations of ferulates within a synthetically lignified maize cell wall showed that a 70% decrease in ferulate-lignin cross-links led to a 24-46% increase in enzymatic saccharification (Grabber et al., 1998) . Gene manipulation has also demonstrated a role for FA in cell wall digestibility and saccharification. When the forage grass tall fescue (Festuca arundinacea) was transformed to express a fungal FA esterase, transformed plants had reduced levels of cell wall ester-bound FA and increased digestibility (Buanafina et al., 2008) . Furthermore, overexpression of a BAHD CoA-acyltransferase in rice, which is thought to be involved in the addition of FA and p-coumaric acid to GAX, resulted in a 60% reduction in cell wall FA content and a 300% increase in p-coumaric acid content. These plant lines showed a 20-40% increase in saccharification compared with WT, which the authors attributed to the reduction in FA (Bartley et al., 2013) . Finally, a rice knockout mutant of XAX1, implicated in the addition of xylosyl residues to the arabinosyl-FA side chain of GAX, resulted in a large reduction in FA and an increase in saccharification (Chiniquy et al., 2012) . Again, the authors attributed the increase in saccharification to the reduction in FA. A recent study identified a range of lines with increased saccharification from a chemically mutagenized B. distachyon 
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Tansley review New Phytologist population. The authors found that, although a number of the high-saccharification mutants had a low-lignin phenotype, the mutant with the highest saccharification contained a mutation in a GT61 gene likely to be an orthologue of the rice XAX1 gene (Marriott et al., 2014) .
X. Final considerations
The cost and efficiency of cell wall deconstruction are of major importance to the development of cost-effective lignocellulose biorefining to produce the fuels, materials and chemicals that are currently derived from petroleum. Identifying lignocellulose modifications that allow reduced processing inputs from pretreatments and enzymolysis can help lower costs and may also allow the production of improved substrates for downstream processing. However, it is important to consider that any modifications of lignocellulose structure and composition are unlikely to find agroindustrial applications if they have negative impacts on the field performance of a crop. Such negative impacts could arise if the modifications in question adversely affect the functioning of the plant in terms of yield, lodging, or pathogen resistance, for example. This has probably best been examined with regard to lignin and, indeed, a number of lignin modifications are known to have deleterious effects on plant growth and development. For example, Chen & Dixon (2007) reported that, while HCT knockdown lines in alfalfa provided the highest biomass digestibility in their comparative studies, these plants were dwarfed compared with WT, while other lignin alterations showed improved digestibility without these negative consequences. Indeed, increasing H content of lignin has also led to reduced biomass in tobacco and A. thaliana (Hoffmann et al., 2004) . Studies have also reported dwarfism, male sterility and reduced growth in c4h A. thaliana mutants (Schilmiller et al., 2009) , while vessel wall collapse and retarded growth have been reported in tobacco and poplar down-regulated in 4CL (Kajita et al., 1997; Stout et al., 2014) . Van Acker et al. (2014) recently published results of a field trial of CCR-down-regulated poplar in which an increase in saccharification of 160% above that in WT was negated by the concurrent biomass penalty. Similar to plants with reductions in lignin content, a reduction in cellulose content or crystallinity can have an effect on plant growth and development, including dwarfing, reductions in stem strength, reduced fertility and even embryo lethality (Arioli et al., 1998; Gillmor et al., 2002; Joshi et al., 2011) . In addition, plants with a reduction in hemicellulose content often have a reduction in biomass, weak stems and a collapsed xylem phenotype (Brown et al., 2007; Petersen et al., 2012) . Despite these notes of caution, it is likely that increased saccharification can be achieved without impairing biomass yield. For example, a study of mutations that improve saccharification in B. distachyon found that of, 12 high-saccharification lines studied, only two showed reductions in biomass yield and none in stem strength (Marriott et al., 2014) . Furthermore, there is potential to prevent the negative growth phenotype caused by cell wall alterations by using cell-specific engineering (Petersen et al., 2012; Eudes et al., 2014) .
Good progress has been made in our understanding of lignocellulosic cell walls. This area remains far from complete, but a number of promising approaches to improve saccharification have been identified that could be of value to fuel production and to other industries including animal forage, forestry, pulp and paper, and traits related to mechanical properties of cell walls such as lodging. It is now important that the real value of these modifications be assessed. Future directions should focus on transfer of research carried out in model plants to crops relevant as a biofuel feedstock, as well as finding ways to maintain an increase in saccharification while minimizing negative impacts on field performance. Furthermore, the limits of reducing recalcitrance need to be tested, for example by gene stacking to combine more than one cell wall alteration. Beyond this, lignocellulose will need to be considered as a feedstock not just for fuel but also for chemicals and materials, and cell wall components will need to be altered accordingly. Creating a 'lignocellulosic biorefinery' is probably the only way in which second-generation biofuel will become economically feasible. In this sense, work to create value from lignin is increasingly coming to the forefront, an area that has been impeded by the heterogeneity of lignin breakdown products . Recent work has shown that it is possible to produce modified lignin comprised largely of a single monomer and with consequently more simplified structure (Anderson et al., 2015) . Such approaches, or the use of engineered zip-lignin , will probably pave the way to increasing the usability of lignin-breakdown products. Combining modifications to polysaccharides and lignin using synthetic biology approaches may provide a long-term route to developing tailored-biomass feedstock to completely replace petroleum at the heart of the fuel, materials and chemical industries.
